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ABSTRACT The HIV-1 Gag matrix (MA) domain mediates the localization of Gag to the
plasma membrane (PM), the site for infectious virion assembly. The MA highly basic re-
gion (MA-HBR) interacts with phosphatidylinositol-(4,5)-bisphosphate [PI(4,5)P2], a PM-
specific acidic lipid. The MA-HBR also binds RNAs. To test whether acidic lipids alone
determine PM-specific localization of Gag or whether MA-RNA binding also plays a
role, we compared a panel of MA-HBR mutants that contain two types of substitu-
tions at MA residues 25 and 26 or residues 29 and 31: Lys¡Arg (KR) (25/26KR and
29/31KR) and Lys¡Thr (KT) (25/26KT and 29/31KT). Consistent with the importance
of the HBR charge in RNA binding, both KT mutants failed to bind RNA via MA effi-
ciently, unlike the corresponding KR mutants. Both 25/26KT Gag-yellow fluorescent
protein (YFP) and 29/31KT Gag-YFP bound nonspecifically to the PM and intracellu-
lar membranes, presumably via the myristoyl moiety and remaining MA basic resi-
dues. In contrast, 25/26KR Gag-YFP bound specifically to the PM, suggesting a role
for the total positive charge and/or MA-bound RNA in navigating Gag to the PM.
Unlike 29/31KT Gag-YFP, 29/31KR Gag-YFP was predominantly cytosolic and showed
little intracellular membrane binding despite having a higher HBR charge. Therefore,
it is likely that MA-RNA binding blocks promiscuous Gag membrane binding in cells.
Notably, the introduction of a heterologous multimerization domain restored PI(4,5)P2-
dependent PM-specific localization for 29/31KR Gag-YFP, suggesting that the block-
ing of PM binding is more readily reversed than that of intracellular membrane
binding. Altogether, these cell-based data support a model in which MA-RNA bind-
ing ensures PM-specific localization of Gag via suppression of nonspecific membrane
binding.

IMPORTANCE The PM-specific localization of HIV-1 Gag is a crucial early step in in-
fectious progeny production. The interaction between the MA highly basic region
(MA-HBR) of Gag and the PM-specific lipid PI(4,5)P2 is critical for Gag localization to
the PM. Additionally, in vitro evidence has indicated that MA-RNA binding prevents
nonspecific binding of Gag to non-PI(4,5)P2-containing membranes. However, cell-
based evidence supporting a role for HIV-1 MA-RNA binding in PM-specific subcellu-
lar localization has been scarce; thus, it remained possible that in cells, just the high
basic charge or the PI(4,5)P2 binding ability is sufficient for MA to direct Gag specifi-
cally to the PM. The present study reveals for the first time an excellent correlation
between RNA binding of the MA-HBR and inhibition of promiscuous Gag localiza-
tion, both within the cells, and thereby provides cell-based evidence supporting a
mechanism in which HIV-1 MA binding to RNA ensures the specific localization of
Gag to the PM.
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HIV-1 progeny virions exit most cells at the plasma membrane (PM) (1, 2). The matrix
(MA) domain of the HIV-1 structural polyprotein Gag mediates the targeting and

binding of Gag to the PM, which is a crucial stage of virus particle production (3–9). The
two essential features of the MA domain required for the PM-specific localization and
binding of Gag are an N-terminal myristate moiety and a highly basic region (MA-HBR)
(10–16). The myristate moiety allows Gag to form hydrophobic interactions with
membranes when it is not sequestered in the MA globular domain (17–24). The
MA-HBR comprises a highly conserved cluster of basic residues spanning residues 14 to
31 (13, 14, 23, 25). This basic patch drives electrostatic and head group-specific
interactions of Gag with phosphatidylinositol-(4,5)-bisphosphate [PI(4,5)P2], an acidic
phospholipid found primarily in the inner leaflet of the PM (15, 20, 26–34). In addition
to acidic phospholipids, RNA, which has been shown to bind the MA domain (35–43),
may play an important role in the regulation of Gag-membrane binding (28, 32, 44–48).
Among the HBR basic residues, a nuclear magnetic resonance (NMR)-based study
showed that residues 29 and 31 are particularly important for PI(4,5)P2 interaction in
the absence of RNA (49).

Wild-type (WT) Gag that is translated in vitro using rabbit reticulocyte lysates binds
liposomes consisting of a neutral lipid, phosphatidylcholine (PC), and an acidic lipid,
phosphatidylserine (PS) (PC�PS liposomes) poorly but shows enhanced membrane
binding either when Gag is treated with RNase or when PI(4,5)P2 is included in the
liposomes (32, 34, 50). In cells, besides NC, MA-HBR mediates significant RNA binding
to WT Gag (46, 47). Notably, regardless of the presence of NC, Gag present in the
cytosol binds to PC�PS liposomes only upon RNase treatment (46), suggesting a role
for MA-bound RNA in cells. In good agreement with these studies, RNase treatment of
cell homogenates derived from HIV-1-expressing cells resulted in a significant shift of
Gag from the cytosolic to the membrane fraction (47). These observations suggest that
WT Gag is susceptible to negative regulation of membrane binding by MA-bound RNA
and that Gag-membrane binding occurs only when this RNA is removed by RNase or
counteracted by PI(4,5)P2. Sequencing of RNAs cross-linked to MA revealed that the
major RNA species bound to MA in cells is tRNA and that MA-tRNA binding is reduced
with membrane-bound Gag compared to cytosolic Gag (47). Consistent with the role
for MA-tRNA binding, tRNA-mediated inhibition of Gag-liposome binding has been
observed in vitro (46, 48, 51–53).

Based on these studies, our working model is that RNA bound to MA-HBR prevents
Gag from electrostatically binding to acidic phospholipids such as PS, which are present
ubiquitously in the cell (54). In this model, PI(4,5)P2 helps Gag overcome RNA-mediated
negative regulation, thereby promoting Gag binding to the PM, while RNA prevents
Gag from binding to other acidic lipids present in non-PM membranes (32, 44). The
hypothesis that MA-RNA binding prevents the promiscuous localization of Gag has not
been directly investigated in the context of HIV-1 Gag expressed in cells. Our previous
study of Gag chimeras containing various retroviral MA domains showed a correlation
between the size of basic patches, RNA sensitivity in an in vitro liposome binding assay,
and PM-specific Gag localization in cells (29). However, MA-RNA binding in cells was not
measured in that study. Moreover, confounding effects of structural variations of the
various retroviral MA domains, other than the size of the basic patches, could not be
excluded. In addition, although unlikely, it remains possible that Gag chimeras with
different retroviral MA domains may be differentially endocytosed after nascent virion
assembly at the PM, resulting in apparent differences in Gag localization.

In the present study, to examine the correlation between MA-RNA binding and
subcellular Gag localization while addressing the limitations in previous studies, we
compared the effects of two types of amino acid substitutions in the HIV-1 MA-HBR
on the ability of MA to bind RNA in cells and on the specificity of the subcellular
localization of HIV-1 Gag. The first type is Lys-to-Thr (KT) changes. We previously
showed that MA-HBR mutants with KT changes at MA residues 25 and 26 (25/26KT) or
MA residues 29 and 31 (29/31KT) display promiscuous subcellular localization to both
the PM and intracellular membranes (14, 32). MA-RNA binding is reduced upon
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substitutions of Lys in the MA-HBR to neutral amino acids such as Thr in previous in
vitro studies (35, 36). In cells, such substitutions caused a reduction in tRNA populations
bound to Gag relative to total RNA populations bound to Gag (47). However, the
magnitude of the effect of the HBR mutations on the RNA binding ability of MA in cells
remained to be determined. The second type of amino acid substitution in MA-HBR that
we introduced is Lys-to-Arg (KR) changes. These changes, which do not affect the
overall basic charge of the MA-HBR, unlike the KT changes, are expected to preserve the
RNA binding ability, since liposome binding of a mutant Gag in which all basic residues
of the MA-HBR were switched (K¡R and R¡K) is still sensitive to an RNA-mediated
block of PC�PS liposome binding (55). However, this prediction had not been tested
either in cells or for specific HBR residues. The comparison of KT and KR substitutions
in the MA-HBR in this study revealed that basic-to-neutral changes in two Lys residues
are sufficient to diminish MA-RNA binding in cells to the background level and that
there is a strong correlation between MA-RNA binding and the subcellular localization
of Gag. Altogether, the findings in this study support our working model that MA-RNA
binding inhibits the promiscuous localization of Gag, thereby ensuring Gag localization
to the PM in the presence of PI(4,5)P2.

(This article was submitted to an online preprint archive [56].)

RESULTS
Gag derivatives with Lys-to-Arg changes in the MA-HBR bind RNA more effi-

ciently in cells than those with Lys-to-Thr changes. To compare the RNA binding
capacities of MA, we introduced three modifications into Gag constructs and
examined RNA binding to WT MA and MA-HBR mutants in cells using photoacti-
vatable ribonucleoside-enhanced cross-linking and immunoprecipitation (PAR-CLIP).
The first modification is an MA amino acid substitution (1GA) that blocks N-terminal
myristoylation and thereby prevents Gag from binding membranes. A previous cell-
based PAR-CLIP study (47) was conducted using Gag constructs that can bind mem-
branes, which would cause dissociation of RNA from MA according to the model
described above (see the introduction). Therefore, we eliminated membrane binding so
as to allow us to determine the total RNA binding capacity of Gag. Second, to focus on
the RNA binding ability of the MA domain, we deleted most of the NC domain (delNC),
which is the major RNA binding domain of Gag. Finally, we fused yellow fluorescent
protein (YFP) to the Gag C terminus (Gag-YFP) to facilitate microscopy analysis of the
constructs analyzed for MA-RNA binding.

The 1GA/delNC/Gag-YFP constructs containing KR or KT mutations in MA residues
25 and 26 (25/26KR and 25/26KT) or MA residues 29 and 31 (29/31KR and 29/31KT) (Fig.
1) were compared with isogenic constructs with the WT HBR sequence or a mutant HBR
sequence in which all MA-HBR basic residues were switched to neutral residues (6A2T)
(Fig. 1). To determine the amount of RNA bound to MA in cells, we employed a
PAR-CLIP assay (47, 57), with modifications (Fig. 2A). HeLa cells were transfected with
one of the constructs described above or a non-Gag control, pUC19; cultured in
medium containing 4-thiouridine (4-SU), a photoactivatable ribonucleoside analogue;
and subsequently exposed to UV light, which cross-links RNA binding proteins and
4-SU-containing RNA bound to the proteins. Following cell lysis, Gag constructs were
immunoprecipitated using HIV immunoglobulin (HIV-Ig), and the RNA bound to the
constructs was end labeled with 32P prior to SDS-PAGE and electrotransfer to a
polyvinylidene difluoride (PVDF) membrane. The RNA binding efficiency of the con-
structs was determined by comparison of the signal intensity of RNA by phosphor-
imager analysis versus the signal intensity of Gag constructs detected by immunoblot-
ting on the same membrane.

Consistent with previous results (46), the Gag construct bearing 6A2T MA did not
bind RNA efficiently, showing an �4-fold reduction in the amount of RNA bound
relative to the WT (Fig. 2B). Both the constructs bearing 25/26KT and 29/31KT MA
bound significantly less RNA than the WT construct, similar to what was observed for
6A2T, indicating that both Lys25 and -26 and Lys29 and -31 contribute to MA-RNA
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binding to similar extents in cells. On the other hand, there was no statistically
significant difference in the RNA binding efficiencies between the 25/26KR MA and WT
MA. The Gag construct with the other KR changes, 29/31KR, also bound significantly
more RNA than its KT counterpart albeit less efficiently than the WT. These results
indicate that the RNA binding efficiency of MA is dependent on the overall positive
charge of the MA-HBR basic patch. Additionally, the identity of basic amino acids at
residues 29 and/or 31 also plays a role in WT-level RNA binding. Having observed
differential effects on MA-RNA binding between KR and KT substitutions, we investi-
gated the correlation (or lack thereof) between MA-RNA binding and the subcellular
localization of Gag, as described below, focusing first on the effects of the substitutions
at MA residues 25 and 26 and next on those at residues 29 and 31.

Gag derivatives containing 25/26KR substitutions exhibit PM-specific localiza-
tion, unlike those with 25/26KT changes. To compare subcellular distributions of
Lys25/26 mutants, we expressed myristoylated and YFP-tagged Gag constructs bearing
these changes, in both the full-length and delNC contexts, in HeLa cells and observed
the YFP localization in cells (Fig. 3). Based on the YFP distribution patterns, we identified
4 different phenotypes (Fig. 3A and B): (i) localization predominantly at the PM (green
bars), (ii) localization to both the PM and intracellular compartments (blue bars), (iii)
localization to only intracellular compartments (orange bars), and (iv) only a hazy
cytosolic localization, with no punctate intensities (pink bars). These 4 distribution
patterns were also validated by comparison of the YFP signal with that of Alexa Fluor
594-conjugated concanavalin A (ConA-AF594), which serves as the PM marker (Fig. 3C).

As described in the introduction, the 25/26KT mutant bound both the PM and
intracellular membranes. In contrast, the 25/26KR mutant presented a PM-specific
localization similar to that of the WT. Importantly for correlating the localization data
with MA-RNA binding results (Fig. 2), the subcellular localization patterns of delNC/
Gag-YFP were similar to those of the corresponding full-length Gag-YFP for both the
WT and the MA-HBR mutants. When we examined the virus-like particle (VLP) release
efficiency of the full-length Gag-YFP construct, we found that despite the difference in
subcellular localization, both the Lys25/26 mutants displayed 2-fold increases in VLP
release efficiency compared to the WT (Fig. 4). A previous study showed that 25/26KT
Gag produced in vitro using rabbit reticulocyte lysates binds neutral PC-only liposomes

FIG 1 Amino acid substitutions introduced into the MA-HBR. (A) Schematic illustration of HIV-1 Gag with
the structure of HIV-1 MA (PDB accession number 2HMX) showing the basic residues of the HBR in blue,
with residues mutated in this study circled. (B) Sequences of the HIV-1 Gag MA-HBR analyzed in this
study. Lys-to-Arg (KR) or Lys-to-Thr (KT) changes were introduced at MA residues 25 and 26 or residues
29 and 31. In the 6A2T mutant, all MA-HBR basic residues were switched to neutral Ala or Thr.
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efficiently, unlike WT Gag. Gag binding to neutral lipid membranes is via hydrophobic,
and not electrostatic, interactions. Therefore, the efficient binding of 25/26KT Gag to
PC-only liposomes reflects enhanced myristate-driven hydrophobic interactions, most
likely due to increased myristate exposure (32). Using the same liposome binding assay,
we found that the 25/26KR mutant also exhibits increased hydrophobic interactions
(Fig. 5A and B). Of note, myristoylation-deficient full-length Gag-YFP (1GA/Gag-YFP)
containing the 25/26KR or 25/26KT MA sequence was unable to bind any cellular
membranes (Fig. 5C), eliminating the involvement of an alternative, myristate-
independent mechanism for membrane binding of Lys25/26 mutants. Although it is
formally possible that an unknown cellular function promotes the release of myristoy-
lated Lys25/26 mutants but not the WT, these in vitro and cell-based data collectively
suggest that the enhanced VLP release efficiency of Gag constructs with the Lys25/26
substitutions is likely a result of increased hydrophobic interactions dependent on the
myristoyl moiety.

25/26KR Gag is dependent on PI(4,5)P2 for efficient membrane binding, unlike
25/26KT Gag. While 25/26KR MA shows WT-level RNA binding and mediates the
PM-specific localization of Gag-YFP, unlike WT MA, it engaged in increased hydrophobic
interactions with membranes, similar to its corresponding KT mutant MA (32) (Fig. 5A
and B). A previous study demonstrated that the 25/26KT mutant exhibits increased
PI(4,5)P2-independent liposome binding (32). Therefore, we examined whether 25/
26KR MA still shows PI(4,5)P2-dependent liposome binding. We found that the pres-
ence of PI(4,5)P2 significantly increases the liposome binding efficiency of the 25/26KR
mutant but does not affect the 25/26KT mutant (Fig. 5D and E). These results indicate
that the 25/26KR mutant is dependent on PI(4,5)P2 for efficient membrane binding,
unlike the 25/26KT mutant, even though both mutants showed increased hydrophobic
interactions relative to the WT.

FIG 2 Gag derivatives with KR mutations in the MA-HBR bind RNA efficiently compared to those with KT
mutations. (A) Schematic illustration of the PAR-CLIP assay. A cytomegalovirus (CMV) promoter-driven
Gag-YFP construct lacking the myristoylation site (1GA) and most of the NC domain (delNC) was used as
the backbone for the Gag derivatives analyzed in this assay. A mutant Gag with all MA-HBR basic residues
switched to neutral Ala or Thr, 6A2T, was used as a negative control. To identify bands representing Gag,
a non-Gag plasmid, pUC19, was used as an additional control. The 1GA/delNC/Gag-YFP constructs were
expressed in HeLa cells and cross-linked to 4-SU-containing RNA in the cells. Gag proteins were recovered
by immunoprecipitation (IP), Gag-bound RNA was end labeled with 32P, and signals for Gag proteins and
Gag-bound RNA were detected by SDS-PAGE followed by immunoblotting and autoradiography, re-
spectively. (B, top) Representative results for 32P-labeled Gag-bound RNA detected by autoradiography
and total Gag detected by immunoblotting and chemiluminescence. (Bottom) Relative RNA binding
efficiency (percent) of MA-HBR mutants determined by quantifying the intensity of RNA signals normal-
ized by the Gag band intensity on the same PVDF membrane. Results from 4 independent experiments
are shown as means � standard deviations. P values were determined using Student’s t test, using raw
data. ns, not significant; **, P � 0.01; ****, P � 0.0001.
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FIG 3 Gag derivatives containing KR substitutions in the MA-HBR do not show promiscuous localization in cells, unlike those with KT changes. (A and B) HeLa
cells were transfected with full-length Gag-YFP (A) and delNC/Gag-YFP (B), which contain the WT MA sequence or 25/26KR, 25/26KT, 29/31KR, or 29/31KT. At
14 h posttransfection, cells were stained with Alexa Fluor 594-conjugated concanavalin A (ConA-AF594), fixed with 4% paraformaldehyde in PBS, and analyzed
using a fluorescence microscope. Note that subcellular distributions of delNC/Gag-YFP constructs mirror those of the corresponding full-length Gag-YFP
constructs for both WT and MA-HBR mutants. Forty-two to 85 cells were analyzed under each condition across 3 independent experiments. The localization
patterns determined by epifluorescence microscopy were confirmed by confocal microscopy. (Top) Representative confocal images. The blue arrowhead
indicates the Gag-YFP signal in the intracellular compartments (IC). (Bottom) Bar graphs representing percentages of cells showing the indicated patterns of
subcellular distribution for each Gag-YFP construct. ConA-AF594 staining was used as a plasma membrane (PM) marker (not shown). (C, top) Images showing

(Continued on next page)
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Upon depletion of cellular PI(4,5)P2, 25/26KR Gag-YFP exhibits a promiscuous
subcellular localization. The PM localization of WT Gag is dependent on PI(4,5)P2 (15,
26, 27). To investigate whether the PM localization of 25/26KR Gag is also dependent
on PI(4,5)P2, we next examined the effect of the expression of 5-phosphatase IV
(5ptaseIV), which depletes cellular PI(4,5)P2, on the subcellular distribution of Gag-YFP
derivatives. We coexpressed WT Gag-YFP or Gag-YFP with Lys25/26 substitutions with
full-length 5ptaseIV (FL) or its catalytically inactive derivative (Δ1) (Fig. 6). As previously
reported (26), WT Gag-YFP lost PM-specific localization and displayed a predominantly
hazy cytosolic but sometimes intracellular punctate distribution when coexpressed
with FL 5ptaseIV. The 25/26KT mutant showed a predominantly promiscuous localiza-

FIG 3 Legend (Continued)
an example of Gag-YFP showing PM-specific localization and ConA-AF594 staining of the PM. Green arrowheads indicate overlap of the two signals at the cell
surface in a merged image. (Bottom) Images showing an example of Gag-YFP exhibiting PM and IC localization. The blue arrowhead indicates the Gag-YFP signal
in the intracellular compartments. (D) HeLa cells were transfected with full-length WT Gag-YFP or 29/31KA Gag-YFP. At 16 h posttransfection, cells were stained
with ConA-AF594, fixed with 4% paraformaldehyde in PBS, and analyzed using a fluorescence microscope. A total of 45 to 62 cells in 3 independent experiments
were analyzed. The localization patterns determined by epifluorescence microscopy were confirmed by confocal microscopy. (Top) Representative confocal
images. The blue arrowhead indicates the Gag-YFP signal in the intracellular compartments. (Bottom) Bar graphs representing percentages of cell populations
as described above.

FIG 4 MA-HBR mutations alter VLP release efficiency. (A) HeLa cells were transfected with WT Gag-YFP
or Gag-YFP containing 25/26KR, 25/26KT, 29/31KR, or 29/31KT changes. At 14 h posttransfection, cell and
virus-like particle (VLP) lysates were collected and subjected to SDS-PAGE, and Gag proteins were
detected by immunoblotting using HIV immunoglobulin. (B) Relative VLP release efficiency representing
the amount of VLP-associated Gag as a fraction of the total Gag present in VLP and cell lysates and
normalized to the VLP release efficiency of WT Gag. Results from 4 independent experiments are shown
as means � standard deviations. The average VLP release efficiency of WT Gag was 8.3%. P values were
determined from raw data using Student’s t test. *, P � 0.05; ****, P � 0.0001.
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FIG 5 Membrane binding of Gag derivatives containing Lys25/26 substitutions. (A) 35S-labeled HIV-1 WT
Gag, 25/26KR Gag, and 25/26KT Gag were synthesized in vitro using rabbit reticulocyte lysates and
incubated with PC-only liposomes. The reaction mixtures were subjected to membrane flotation cen-
trifugation, and a total of five 1-ml fractions were collected from each sample. M, membrane-bound Gag;
NM, non-membrane-bound Gag. (B) Liposome binding efficiency calculated as the percentage of
membrane-bound Gag compared to the total Gag synthesized in the reaction. Results from four
independent experiments are shown as means � standard deviations. P values were determined by
Student’s t test. *, P � 0.05; **, P � 0.01. (C) HeLa cells were transfected with nonmyristoylated Gag-YFP
(1GA/Gag-YFP), which contains the WT MA sequence or 25/26KR or 25/26KT substitutions. At 16 h
posttransfection, cells were stained with ConA-AF594, fixed with 4% paraformaldehyde in PBS, and
analyzed using a fluorescence microscope. Forty to 52 cells were analyzed under each condition across
3 independent experiments. The localization patterns determined by epifluorescence microscopy were
confirmed by confocal microscopy. Representative confocal images are shown. Bar graphs represent
percentages of cells showing the indicated patterns of subcellular distribution for each Gag-YFP
construct. ConA-AF594 staining was used as a PM marker as described in the legend of Fig. 3 (not shown).

(Continued on next page)
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tion regardless of the presence of FL or Δ1 5ptaseIV, demonstrating that this MA
substitution mutant is not dependent on PI(4,5)P2 for cellular membrane binding. In
contrast, the localization of the 25/26KR mutant changed from a predominantly PM-
specific localization to a more promiscuous localization when it was coexpressed with
FL but not Δ1 5ptaseIV. These results indicate that the PM-specific localization of
25/26KR Gag is dependent on the presence of PI(4,5)P2 in the cell.

Overall, our results thus far suggest that in the case of the Lys25/26 mutants, Gag
that binds RNA efficiently maintains a PI(4,5)P2-dependent PM-specific localization,
while Gag that binds RNA poorly shows a PI(4,5)P2-independent promiscuous localiza-
tion. Thus, these results indicate that for Gag derivatives containing Lys25/26 substi-
tutions, there is a correlation between RNA binding and PI(4,5)P2-dependent PM-
specific localization, as previously observed with Gag chimeras containing heterologous
retroviral MA domains (29).

Gag derivatives containing 29/31KR substitutions show a predominantly cyto-
solic distribution. Since 29/31KR MA exhibits significantly higher RNA binding than
29/31KT MA (Fig. 2), we next sought to test whether the RNA binding efficiency
correlates with subcellular localization in the case of Gag constructs containing changes
at MA residues 29 and 31, as was observed for Gag mutants with changes at residues
25 and 26. To this end, we first examined the distribution of myristoylated full-length
Gag-YFP and delNC/Gag-YFP derivatives (Fig. 3). Consistent with previous reports,
Gag-YFP with the 29/31KT changes displayed a promiscuous localization, with its
signals being present at both the PM and intracellular membranes. Interestingly, the
29/31KR mutant displayed a predominantly cytosolic distribution of Gag-YFP, indicat-
ing a loss of efficient membrane binding. It is important to note that unlike 29/31KT
Gag-YFP, 29/31KR Gag-YFP showed negligible intracellular membrane binding despite
having a higher positive charge than 29/31KT MA, which could mediate electrostatic
interactions with acidic lipids more efficiently. We found that both delNC and full-
length Gag-YFP showed analogous subcellular patterns for each Lys29/31 mutant. Of
note, substitution of Lys29 and -31 to not only Thr but also another neutral amino acid,
Ala (Fig. 3D), or an acidic amino acid, Glu (14), led to a promiscuous Gag localization.
Therefore, it is unlikely that the promiscuous localization of 29/31KT Gag-YFP is due to
the inadvertent introduction of a motif targeting Gag to intracellular compartments.
Rather, these observations suggest that any changes in Lys29 and -31, except for the
Lys-to-Arg changes, which maintain the total basic charge of the MA-HBR, would result
in a promiscuous Gag localization. These results, together with the results of the
comparison between two Lys25/26 mutants, strongly suggest that MA-RNA binding
prevents Gag binding to intracellular membranes regardless of whether Gag can bind
the PM. In congruence with the microscopy results, we found that the VLP release
efficiency determined in the context of full-length Gag-YFP was significantly impaired
for the 29/31KT mutant and almost abolished for the 29/31KR mutant (Fig. 4).

Replacing the NC domain with a heterologous dimerization motif enables
29/31KR Gag-YFP to localize specifically to the PM in a PI(4,5)P2-dependent
fashion. Even though the lack of binding to intracellular membranes is a shared
phenotype between 25/26KR Gag-YFP and 29/31KR Gag-YFP, 29/31KR Gag-YFP showed
a cytosolic distribution in most cells, unlike 25/26KR Gag-YFP. We hypothesized that
29/31KR Gag, unlike WT and 25/26KR Gag, is unable to counteract the negative
regulation of membrane binding by RNA that is bound to its MA-HBR. A previous study

FIG 5 Legend (Continued)
(D) 35S-labeled HIV-1 WT Gag, 25/26KR Gag, and 25/26KT Gag were synthesized in vitro using rabbit
reticulocyte lysates and incubated with PC�PS (2:1) liposomes (�) or liposomes containing 7.25 mol%
PI(4,5)P2 (�). The reaction mixtures were analyzed as described above for panel A. (E) Relative liposome
binding efficiency calculated as the percentage of membrane-bound Gag to the total Gag synthesized
in the reaction and normalized to the efficiency of WT Gag binding to PI(4,5)P2-containing liposomes.
The average efficiency of WT Gag binding to PI(4,5)P2-containing liposomes was 42.5%. Results from
three independent experiments are presented as means � standard deviations. P values were deter-
mined by Student’s t test. ns, not significant; *, P � 0.05; ****, P � 0.0001.
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suggests that while the overall positive charge of the MA-HBR is sufficient for RNA-
mediated suppression of Gag-liposome binding irrespective of the identity of the
residues, the identity of at least one of the basic residues is important for MA-PI(4,5)P2
interaction (55). In addition, a recent NMR study found that Lys29 and -31 are important
for binding of MA to PI(4,5)P2, even in an experimental system in which RNA is absent
(49).

Based on these observations, we reasoned that due to attenuated MA-PI(4,5)P2
binding, 29/31KR Gag is unable to counteract RNA-mediated suppression of membrane
binding. It is then conceivable, according to our model, that if membrane binding of

FIG 6 Depletion of cellular PI(4,5)P2 leads to promiscuous subcellular localization of 25/26KR Gag-YFP.
(A) HeLa cells were transfected with WT Gag-YFP, 25/26KR Gag-YFP, or 25/26KT Gag-YFP along with
myc-tagged FL 5ptaseIV or the catalytically inactive Δ1 derivative. At 14 h posttransfection, cells were
stained with ConA-AF594 (not shown), fixed with 4% paraformaldehyde in PBS, permeabilized, immu-
nostained with mouse monoclonal anti-myc antibody and anti-mouse IgG conjugated with Alexa Fluor
405 (not shown), and analyzed using a fluorescence microscope. Only cells positive for both myc-tagged
5ptaseIV and Gag-YFP were included in the analysis. Sixty-nine to 134 cells were analyzed under each
condition across 3 independent experiments. Representative confocal images of Gag-YFP are shown. The
blue arrowhead indicates the Gag-YFP signal in the intracellular compartments. The localization patterns
were examined as described in the legend of in Fig. 3, and the percentages of total cells showing the
indicated subcellular distribution patterns under each condition are shown in bar graphs. (B and C)
Percentages of cells showing a PM-only distribution of Gag-YFP (B) and PM and intracellular compart-
ment distribution of Gag-YFP (C) compared between cells expressing FL and Δ1 5ptaseIV across 3
independent experiments. Data are presented as means � standard deviations. P values were deter-
mined by Student’s t test. ns, not significant; **, P � 0.01; ****, P � 0.0001.
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this mutant Gag can be enhanced enough to offset the negative regulation imposed by
MA-RNA interactions, this mutant would localize specifically to the PM but not the
intracellular compartments because MA-bound RNA would still prevent promiscuous
membrane binding. Multimerization increases the binding of HIV-1 MA to the PM as
well as to liposomes of different compositions (48). Thus, we sought to test the hypothesis
mentioned above by attempting to augment the multimerization of 29/31KR Gag.
Previous studies reported that a leucine zipper dimerization motif (LZ) promotes Gag
multimerization more efficiently than the NC domain (58, 59). Therefore, in order to
improve Gag multimerization, we replaced the NC domain of Gag with LZ (38, 60–63).
We then expressed the WT and the Lys29/31 substitution mutants in the context of
Gag-YFP and GagLZ-YFP in cells and examined their subcellular localization patterns
(Fig. 7).

We found that WT GagLZ-YFP predominantly localized at the PM, as observed for
WT Gag-YFP. 29/31KT GagLZ-YFP showed a promiscuous localization, like 29/31KT
Gag-YFP, indicating that merely replacing the NC domain with LZ did not lead to a
PM-specific localization. Consistent with our prediction, 29/31KR GagLZ-YFP demon-
strated a significantly enhanced PM localization compared to 29/31KR Gag-YFP. Impor-
tantly, this construct showed very little promiscuous localization, unlike 29/31KT
GagLZ-YFP, suggesting that MA with 29/31KR changes retains the ability to ensure
PM-specific localization. Unexpectedly, 29/31KR GagLZ-YFP still failed to release VLPs
efficiently (Fig. 8).

We then wanted to test directly in cells whether LZ-driven PM localization is still
PI(4,5)P2 dependent. To this end, we coexpressed GagLZ-YFP constructs with the FL
and Δ1 5ptaseIV enzymes (Fig. 9). We found that both WT GagLZ-YFP and 29/31KR
GagLZ-YFP lost the PM-specific localization when the FL 5ptaseIV enzyme was coex-
pressed. These results suggest that WT GagLZ-YFP and 29/31KR GagLZ-YFP bind the PM
in a PI(4,5)P2-dependent manner. Interestingly, in the presence of FL 5ptaseIV, WT
GagLZ-YFP showed a promiscuous localization to intracellular compartments and the
PM, whereas 29/31KR GagLZ-YFP showed a predominantly cytosolic localization, as
observed for WT Gag-YFP (Fig. 6).

Overall, the presented data suggest that when the MA-HBR in Gag binds RNA, Gag
localizes specifically to the PM if it can counteract the RNA-mediated block of mem-
brane binding either via interaction with PI(4,5)P2, which occurs natively in the case of
WT and 25/26KR Gag, or when enhanced by improved multimerization, as observed for
29/31KR GagLZ. In contrast, when Gag is deficient in MA-RNA binding, as observed for
KT mutants, it fails to localize specifically to the PM and instead binds promiscuously to
different cellular membrane compartments. Altogether, the analyses of Lys25/26 and
Lys29/31 substitutions in the MA-HBR revealed a strong correlation between MA-RNA
binding and suppression of nonspecific Gag localization to intracellular membranes
(summarized in Fig. 10).

DISCUSSION

In the present study, we examined the effects of amino acid substitutions in the
MA-HBR on the relative amount of RNA bound to HIV-1 Gag in cells and on the
subcellular localization of Gag. We found that MA-HBR mutants that were incapable of
binding RNA efficiently displayed a promiscuous subcellular localization (i.e., 25/26KT
Gag and 29/31KT Gag), consistent with previous observations obtained with Gag
chimeras containing heterologous retroviral MA sequences (29). In contrast, MA-HBR
mutants that bound RNA efficiently did not show a promiscuous localization; they
either localized specifically to the PM (25/26KR Gag) or remained mainly in the cytosol
(29/31KR Gag). The latter presented a PM-specific and not a promiscuous localization
when its membrane binding ability was enhanced via LZ-mediated multimerization.
The correlation established between MA-RNA binding and the lack of Gag localization
to intracellular membranes in this study further provides support for our current
working model in which RNA-mediated inhibition of Gag membrane binding ensures
the PM-specific localization of Gag.
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The liposome binding experiments using neutral liposomes indicate that both
25/26KT and 25/26KR Gag engage in greater hydrophobic interactions with membranes
than WT Gag, likely due to increased myristate exposure relative to WT Gag (32; this
study). Despite the enhanced hydrophobic interactions with membranes, 25/26KR Gag
maintains a PM-specific localization, like WT Gag. However, the outcomes of PI(4,5)P2
depletion differ between WT and 25/26KR Gag. Upon FL 5ptaseIV expression, WT Gag
loses membrane binding and exhibits a predominantly cytosolic distribution, whereas
25/26KR Gag retains membrane binding albeit localizing promiscuously in the majority
of the Gag-YFP-expressing cells. The two different outcomes of PI(4,5)P2 depletion
highlight the two functions of PI(4,5)P2, enhancing membrane binding of Gag and
supporting PM-specific localization.

FIG 7 29/31KR Gag exhibits increased PM-specific localization when the NC domain is exchanged for the
leucine zipper dimerization motif (LZ). (A) HeLa cells were transfected with WT Gag-YFP, WT GagLZ-YFP,
or their derivatives with 29/31K substitutions. At 14 h posttransfection, cells were stained with ConA-
AF594 (not shown), fixed with 4% paraformaldehyde in PBS, and analyzed using a fluorescence
microscope. Sixty-one to 125 cells were analyzed under each condition across 3 independent experi-
ments. (Top) Representative confocal images of Gag-YFP. The blue arrowhead indicates the Gag-YFP
signal in the intracellular compartments. (Bottom) Localization patterns were examined as described in
the legend of Fig. 3, and the percentages of total cells showing the indicated subcellular distribution
patterns are shown in bar graphs. (B and C) Percentages of cells showing PM-only (B) and PM and
intracellular compartment (C) distributions compared between Gag-YFP and GagLZ-YFP across 3 inde-
pendent experiments. Data are shown as means � standard deviations. P values were determined by
Student’s t test. ns, not significant; **, P � 0.01.
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We found that 25/26KR Gag exhibits an increased VLP release efficiency compared
to WT Gag, likely due to enhanced membrane binding as discussed above. Therefore,
the Lys-to-Arg mutation at residues 25 and 26 should confer a fitness advantage to
HIV-1. However, Lys25 and -26 are highly conserved across various clades of HIV-1 (64).
We speculate that Arg, instead of Lys, at positions 25 and 26 may negatively affect other
aspects of the HIV-1 life cycle. Similar to 25/26KR Gag, 25/26KT Gag also shows a
superior VLP release efficiency, even though 25/26KT Gag does not localize specifically
to the PM, unlike its KR counterpart. The high VLP release efficiency of 25/26KT Gag may
be due to even more robust hydrophobic interactions with membranes than for
25/26KR Gag (Fig. 5), which may make up for the Gag mislocalization. The increased
hydrophobic interactions of 25/26KT Gag, which does not bind RNA, relative to 25/26KR
Gag, which binds RNA at the WT level, are consistent with the observation that the
removal of RNA increases myristate-dependent hydrophobic interactions (32). How-
ever, 25/26KR Gag still showed enhanced hydrophobic membrane binding relative to
WT Gag. Therefore, further investigation is required to determine the mechanism(s) by
which Lys25 and -26 modulates myristate exposure.

We found that RNA binding of 29/31KR Gag was not as efficient as that of WT Gag,
although it was better than that of 29/31KT Gag. While we observed previously that the
RNA sensitivity of Gag-liposome binding is maintained when all Lys and Arg residues in
the MA-HBR are switched with each other (55), the presence of Lys, but not Arg, at

FIG 8 29/31KR GagLZ-YFP fails to release VLPs. (A) HeLa cells were transfected with Gag-YFP or
GagLZ-YFP containing WT MA or 29/31KR MA sequences. At 16 h posttransfection, cell and VLP lysates
were collected and analyzed as described in the legend of Fig. 4. (B) Relative VLP release efficiency
representing the amount of VLP-associated Gag as a fraction of total Gag present in VLP and cell lysates
and normalized to the VLP release efficiency of WT Gag. Results from 3 independent experiments are
shown as means � standard deviations. The average VLP release efficiency of WT Gag was 9.6%. ns, not
significant; ***, P � 0.001.
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residues 29 and 31 seems to be important for WT-level RNA binding of Gag. Although
both Arg and Lys are positively charged basic amino acids, Arg has a terminal gua-
nidium group, while Lys has a single terminal amino group. These groups also differ in
their geometry (i.e., planar versus tetrahedral). Therefore, it is possible that Lys and Arg
participate in a different number and/or orientation of electrostatic interactions with
RNA or lipids (65–68).

Even though 29/31KR Gag showed reduced RNA binding, this level of MA-RNA
binding was sufficient for suppressing binding to intracellular membranes. It is note-
worthy that 29/31KR Gag failed to bind even the PM in most cells. Strongly cationic
model proteins have been shown to associate with the PM (69). However, in the case
of HIV-1 Gag, the high positive charge retained in 29/31KR MA is insufficient for the PM
localization, likely due to the RNA-mediated block. As mentioned above, Lys29 and -31
are important for PI(4,5)P2 interaction even in the absence of RNA (49). Based on this
knowledge, we speculate that due to an inefficient interaction with PI(4,5)P2, 29/31KR
Gag is unable to overcome the negative regulation by RNA. Therefore, the balance
between MA-RNA and MA-PI(4,5)P2 binding, which is carefully orchestrated for WT Gag,
is tipped in the favor of MA-RNA binding in the case of 29/31KR Gag. In an attempt to
find a mutant that retains a partial ability to interact with PI(4,5)P2, which could result
in a partial shift of the balance back to MA-PI(4,5)P2 binding, we created the single
mutants 29KR Gag and 31KR Gag and examined their subcellular localization in HeLa
cells. However, we found that 31KR Gag fully recapitulated the phenotype of 29/31KR
by exhibiting a predominantly cytosolic distribution, while 29KR Gag showed mainly a
WT-like PM-specific localization (data not shown). Thus, Lys but not Arg is required at
MA residue 31, whereas residue 29 can be either Lys or Arg for WT-like membrane
binding and PM-specific localization of Gag.

The PM-specific localization of 29/31KR GagLZ is likely a manifestation of the
enhanced multimerization of 29/31KR Gag restoring the balance toward MA-PI(4,5)P2
binding. Probable mechanisms through which LZ may promote membrane binding
may be an avidity effect due to increased multimerization, myristate exposure induced

FIG 9 29/31KR GagLZ-YFP localizes to the PM in a PI(4,5)P2-dependent manner. HeLa cells were transfected with
WT GagLZ-YFP or 29/31KR GagLZ-YFP along with myc-tagged FL 5ptaseIV or the catalytically inactive Δ1 derivative.
At 14 to 16 h posttransfection, cells were stained with ConA-AF594 (not shown), fixed with 4% paraformaldehyde
in PBS, immunostained with mouse monoclonal anti-myc antibody and anti-mouse IgG conjugated with Alexa
Fluor 405 (not shown), and analyzed as described in the legend of Fig. 6. Thirty-seven to 78 cells in 3 independent
experiments were analyzed under each condition. (Top) Representative confocal images of Gag-YFP. The blue
arrowhead indicates the Gag-YFP signal in the intracellular compartments. (Bottom) The localization patterns were
examined as described in the legend of Fig. 3, and the percentages of cells showing the indicated subcellular
distribution patterns are shown in bar graphs.
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by multimerization (22), a reduction in the amount of RNA bound to MA associated with
myristate exposure (53), or some combination of these factors. We cannot rule out the
possibility that the 29/31KR mutation affects MA-MA interactions in the context of
LZ-mediated Gag multimerization and thereby affects membrane binding of Gag;
however, MA-HBR residues Lys29 and -31 are not among the residues identified as
being important for MA trimerization (70).

Previous studies have shown that NC deletion abrogates Gag localization to specific
PM domains, such as uropods in polarized T cells or the virus-containing compartments
(VCCs) in macrophages, whereas insertion of LZ restores such localization (71, 72). In
contrast, we do not see a difference in the subcellular localization of Gag between
full-length Gag and delNC Gag for any of the MA mutants examined (Fig. 3). Taken
together, these data suggest that the presence of NC and, hence, NC-dependent
multimerization do not dictate overall Gag localization to the PM but are important for
the subsequent movement of Gag to specific domains within the PM.

We observed no commensurate increase in VLP release for 29/31KR GagLZ-YFP
compared to 29/31KR despite the shift in Gag localization from the cytosol to the PM.
Analogous to our observation, a recent study found that when the MA domain of HIV-1
Gag was replaced with the N-terminal PI(4,5)P2 binding region of avian sarcoma virus
Gag, the chimeric Gag localized to the PM but did not release VLPs efficiently (73). The
order of Gag-PM binding and multimerization into Gag puncta varies between different
retroviruses (74, 75), suggesting that membrane binding and multimerization need to
be coordinated for optimal particle assembly. Thus, it is conceivable that the release
defect of 29/31KR GagLZ-YFP may be due in part to a change in Gag multimerization
caused by the absence of the native NC domain or the presence of the LZ motif or YFP
tag that becomes apparent in the context of the 29/31KR mutation.

FIG 10 Relationships between MA-RNA binding and subcellular localization of Gag. Note that the
full-length Gag constructs and the corresponding delNC Gag constructs show similar subcellular local-
ization patterns for both WT and MA-HBR mutants.
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Overall, this paper provides a strong correlation between the ability of HIV-1 Gag to
bind RNA via MA and the specificity of Gag localization to the PM. In the absence of
PI(4,5)P2, WT Gag and 29/31KR GagLZ remain in the cytosol (Fig. 6 and 9). Therefore,
RNA binding is likely sufficient for preventing nonspecific binding to other membranes
for these Gag proteins. On the other hand, 25/26KR Gag and WT GagLZ, which are likely
to have higher affinities for lipid bilayers due to increased myristate exposure or avidity,
show a promiscuous localization upon PI(4,5)P2 depletion (Fig. 6 and 9). In these cases,
both RNA and PI(4,5)P2 likely work in conjunction to prevent promiscuous localization.
Altogether, the comparisons between the MA-HBR mutants indicate the role of MA-
bound RNA as an important player in targeting Gag specifically to the PM.

MATERIALS AND METHODS
Plasmids. pCMVNLGagPolRRE Gag-YFP, which expresses HIV-1 GagNL4-3 fused to YFP in an HIV-1

Rev-dependent manner, was constructed as described previously for pCMVNLGagPolRRE Gag-mRFP (76),
using standard molecular cloning techniques. pCMVNLGagPolRRE delNC/Gag-YFP was generated by
replacing the SpeI-XmaI region of pCMVNLGagPolRRE (77) with the corresponding region of pNL4-3/
delNC/Gag-YFP, described previously (78). pCMVNL GagLZ-YFP (previously named pCMVNLGag Venus
LZ) was described in previous reports (29, 55). pGEMNLNR, an expression vector used for in vitro
transcription and translation of Gag, was described previously (26). To create pCMVNLGagPolRRE 25/26KR
Gag-YFP, pCMVNLGagPolRRE 29/31KR Gag-YFP, pCMVNLGagPolRRE 29KR Gag-YFP, pCMVNLGagPolRRE 31KR
Gag-YFP, and pCMVNLGagPolRRE 29/31KA Gag-YFP, the corresponding MA-HBR point mutations were
introduced into pCMVNLGagPolRRE Gag-YFP using PCR mutagenesis. pCMVNLGagPolRRE 25/26KT Gag-
YFP and pCMVNLGagPolRRE 29/31KT Gag-YFP were constructed by replacing the SpeI-BssHII region of
pCMVNLGagPolRRE Gag-YFP with the corresponding regions of pGEMNLNR 25/26KT Gag and pGEMN-
LNR 29/31KT Gag (26, 32). pCMVNLGagPolRRE delNC/Gag-YFP constructs containing the MA-HBR mu-
tations, i.e., 25/26KR, 25/26KT, 29/31KR, and 29/31KT, were constructed using standard molecular cloning
techniques. pCMVNLGagPolRRE 6A2T delNC/Gag-YFP was created by replacing the SpeI-BssHII region of
pCMVNLGagPolRRE delNC/Gag-YFP with the corresponding region of pGEMNLNR 6A2T Gag (26, 32).
pGEMNLNR plasmids containing the MA-HBR mutations, i.e., 25/26KR and 29/31KR, were constructed using
standard molecular biology techniques. The 1GA mutation was introduced into the pCMVNLGagPolRRE
Gag-YFP and pCMVNLGagPolRRE delNC/Gag-YFP constructs by PCR mutagenesis as described previously
(75). pCMVNL GagLZ-YFP containing the MA-HBR mutations, i.e., 29/31KR and 29/31KT, and pGEMNLNR
containing the MA-HBR mutations, i.e., 25/26KR and 29/31KR, were constructed using standard molecular
cloning techniques.

pCMV-Rev was described previously (76) (kindly provided by S. Venkatesan, National Institutes of
Health). Mammalian expression plasmids encoding myc-tagged 5-phosphatase IV (FL 5ptaseIV),
pcDNA4TO/Myc5ptaseIV, and its catalytically inactive Δ1 derivative (Δ1 5ptaseIV) were previously de-
scribed (26, 79). pCMV-Vphu, which harbors the codon-optimized version of the HIV-1 Vpu gene, was
previously described (80) (a kind gift from K. Strebel).

Cells and transfection. HeLa cells were cultured as described previously (32). For microscopy, 30,000
HeLa cells were plated into each well of eight-well chamber slides (Lab-Tek; Nalgene Nunc International),
cultured for 24 h, and transfected with plasmids encoding the indicated Gag-YFP derivatives using
Lipofectamine 2000 (Invitrogen) according to the manufacturer’s instructions. For VLP release and
PAR-CLIP experiments, 4 � 105 cells were plated into each well of six-well plates (Corning), cultured for
24 h, and transfected as described above.

VLP release assay and immunoblotting. VLP release assays were carried out as described previ-
ously (32). HIV-1 Gag in cell and VLP lysates was detected by immunoblotting using HIV immunoglobulin
(HIV-Ig; AIDS Research and Reference Reagent Program) as a primary antibody. Alexa Fluor 488-
conjugated goat anti-human IgG (Invitrogen) was used for the detection of primary antibodies for HIV-1
Gag. Fluorescence signals were detected and quantified using a Typhoon Trio imager (GE Healthcare).

Immunostaining and fluorescence microscopy. HeLa cells transfected with plasmids expressing
Gag-YFP were incubated for 1 min at room temperature with Alexa Fluor 594-conjugated concanavalin
A (ConA-AF594; Invitrogen) for visualization of the plasma membrane cells at 14 to 16 h posttransfection.
Cells were then fixed with 4% paraformaldehyde (PFA) in phosphate-buffered saline (PBS). The expres-
sion of 5ptaseIV (both full-length [FL] and Δ1 enzymes) in cells was detected by immunostaining with
mouse anti-myc antibody (9E10; Santa Cruz Biotechnologies) after permeabilization of the cells. For
quantitative analysis of Gag localization phenotypes, images of about 20 fields were recorded using an
Olympus IX70 inverted fluorescence microscope at a �60 magnification, and a range of 37 to 134 cells
were evaluated for Gag localization patterns. For 5ptaseIV coexpression studies, only cells that were
positive for both Gag and 5ptaseIV (either FL or Δ1) were chosen for evaluation. Confocal microscopy
using a Leica SP5 inverted confocal microscope was carried out to further verify localization patterns
determined by epifluorescence microscopy.

Liposome binding assay. Preparation of liposomes, in vitro Gag translation, and sucrose gradient
flotation centrifugation were performed as described previously (32). In brief, full-length myristoylated
Gag was translated in vitro using Promega’s TnT Sp6 coupled reticulocyte lysate system and incubated
with sonicated liposomes composed of a neutral lipid, phosphatidylcholine, and an acidic lipid, phos-
phatidylserine, in a 2:1 molar ratio (PC�PS [2:1] liposomes), with or without the addition of 7.25 mol%
PI(4,5)P2. Following sucrose flotation centrifugation, five fractions were collected, with the top two
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fractions representing the membrane-bound, floating Gag. Following SDS-PAGE, Gag bands were
detected by phosphorimager analysis and quantified using ImageQuant 1D TL v8.1 image analysis
software. The liposome binding efficiency (percent) was calculated as the percentage of membrane-
bound Gag versus the total Gag in all 5 fractions.

PAR-CLIP assay. To determine the amount of cellular RNA bound to transfected Gag, a PAR-CLIP
assay was performed as described previously (47, 57), with some modifications. Briefly, in each well of a
6-well plate, 4 � 105 HeLa cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM) supple-
mented with 5% fetal bovine serum in the presence of the antibiotics penicillin and streptomycin. The
cells were then transfected with either a plasmid encoding 1GA/delNC/Gag-YFP containing the indicated
MA sequence or pUC19. The cells were cultured for 24 h posttransfection before the addition of fresh
medium containing 100 �M 4-thiouridine (4-SU; Sigma), a photo-cross-linkable ribonucleoside analogue.
After 16 h, the cells were exposed to 365-nm UV light at 300 mJ/cm2 to cross-link RNA and RNA binding
proteins. Cells were lysed with NP-40 lysis buffer (50 mM HEPES buffer [pH 7.5] containing 150 mM KCl,
2 mM EDTA, 0.5% [vol/vol] NP-40 substitute, and 0.5 mM dithiothreitol [DTT] and supplemented with a
protease inhibitor cocktail), and the lysate was treated with 20 U/ml RNase A (Promega) and 60 U/ml RQ1
DNase (Promega). Gag was immunoprecipitated by incubating the cell lysates with HIV-Ig bound to
Dynabeads protein G (Invitrogen) for 1 h on a rotating shaker at 4°C. The RNA bound to Gag was first
dephosphorylated at the 5= end with calf intestinal alkaline phosphatase (New England BioLabs [NEB]),
followed by T4 polynucleotide kinase-catalyzed (NEB) rephosphorylation of the RNA at the 5= end with
32P ([�-32P]ATP; PerkinElmer). The Gag-RNA complex was eluted from Dynabeads by heating in PAR-CLIP
elution buffer (50 mM Tris HCl [pH 6.8] containing 2 mM EDTA-NaOH, 10% [vol/vol] glycerol, 2% [vol/vol]
SDS, 100 mM DTT, and 0.1% [wt/vol] bromophenol blue) for 5 min at 95°C with shaking at 1,400 rpm.
After resolving the bands by SDS-PAGE and subsequent electrotransfer to a PVDF membrane, the
membrane was probed with HIV-Ig as the primary antibody and the corresponding secondary antibody
conjugated to horseradish peroxidase (goat anti-human IgG; Invitrogen). Gag-specific bands were
detected after incubation with SuperSignal West Pico chemiluminescent substrate (Pierce) on a Syngene
Pxi multiapplication imager, and the intensities of the bands were measured using GeneTools analysis
software. The 32P-end-labeled RNA bands were also detected on the same membrane using autoradiog-
raphy on a Typhoon FLA 9500 laser scanner and quantified using ImageQuant 1D TL v8.1 image analysis
software. The relative RNA binding efficiency (percent) was calculated as the percentage of the total RNA
band intensity versus the total Gag band intensity for each construct and compared to the normalized
value for WT 1GA/delNC/Gag-YFP.

Statistical analysis. Student’s t tests were performed using GraphPad Prism. P values of �0.05 were
considered statistically significant.
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